The influence of seasonal, monsoonal winds on the temporal and spatial variability of chlorophyll-a (chl-a) in the Beibu Gulf is studied based on long-term satellite data of sea surface winds, chl-a concentration and sea surface temperature (SST) and in-situ observations for the years from 2002 to 2014. The analysis results indicated that under northeasterly monsoonal winds, chl-a concentrations were substantially elevated in most area of the Beibu Gulf, with a high chl-a concentration (>2 mg m -3 ) patch extending southwestward from the coastal water of the northeastern Gulf, consistent with the winter wind pattern. Meanwhile, the spatial distribution of high chl-a concentration is correlated with low SST in the northeastern Gulf. In the southern Gulf, there was generally low chl-a, except in the coastal waters southwest of Hainan Island. Here, the upwelling cold water prevails outside the mouth of the Beibu Gulf, driven by the southwesterly monsoonal winds and the runoff from the Changhua River, as implied by low observed SST. Correlation analysis indicated the chl-a concentration was strongly modulated by wind speed (r = 0.63, p<0.001), particularly in the middle of the northern Gulf and southern Hainan Island (r>0.7, p<0.001). Integrated analysis also showed that stratification is weak and mixing is strong in winter as affected by the high wind speed, which suggests that the wind-induced mixing is a dominant mechanism for entrainment of nutrients and the spatial distribution of chl-a in winter.
Introduction
Annual atmospheric and upper ocean variability in the SCS region are primarily controlled by the East Asian monsoon, with strong northeasterly monsoonal winds prevailing from September to April, and weak southwesterly monsoonal winds present from July to August [1] [2] [3] . Previous studies have confirmed that the East Asian monsoon plays an important role in regulating the spatial distribution of chl-a in the SCS [1, [4] [5] [6] . Most of the SCS is oligotrophic, with upwelling and vertical mixing induced by the southwest monsoon as primary dynamic mechanisms that deliver sufficient nutrients for phytoplankton growth [7] [8] [9] , together with a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 the upwelling caused by the northeast monsoon in parts of the SCS northwest of the Luzon Strait [1, [10] [11] .
The Beibu Gulf, also known as the Gulf of Tonkin, is located in the northwest South China Sea (SCS), centered on the region of 17˚-22˚N, 105˚40
0 -110˚E (Fig 1) , and is the home of the fourth largest fishery field in China [12] . The Beibu Gulf is a semi-enclosed water body with complex hydrodynamics, connecting to the main SCS through the south entrance of the Gulf and the Qiongzhou Strait. To the west of the Gulf is Vietnam, and to the east are the Leizhou Peininsula and Hainan Island of China. The isobaths of the Beibu Gulf are generally parallel to the coastline, with a water depth that ranges from 0 to 100 m. There are about 300 rivers flowing into the Beibu Gulf, with a cumulative annual runoff of 1500-2000×10 8 m 3 [13] . The major rivers include the Changhua River and the Zhubi River of Hainan, the Nanliu River and the Qinjiang River of Guangxi, and the Red River, the Majiang River and Dajiang River of Vietnam. The Red River alone accounts for 75% of the total runoff [13] . The river water discharges into the Gulf with abundant fresh water and nutrients, which may significantly influence water temperature, salinity, circulation, and phytoplankton growth, especially in coastal regions [14] [15] . The weather and marine ecosystem of the Beibu Gulf are greatly affected by the East Asian monsoon, similar to what is seen in the SCS and the Arabian Sea. Biological and ecological studies in the Beibu Gulf were first undertaken in the 1960s, though most of the studies were limited in spatial sampling to coastal regions rather than the whole Gulf. Since the dawn of the satellite technology era in the last century, satellite remote sensing has become an ideal method for large spatial-scale ocean studies, due to the extensive spatial coverage provided by spaceborne observation platforms. Seasonal variations of chl-a in the Beibu Gulf observed with both in-situ and satellite data have revealed that high pigment concentrations are apparent in the northeast Beibu Gulf around Hainan Island [12, 8, 16, 17] . Satellite images indicate that phytoplankton blooms appear in the central Gulf during the northeasterly winds of the winter monsoon [17] , and the seasonal variability of chl-a concentration and SST may be associated with seasonally reversing monsoonal winds [8] . Moreover, it was found that northeasterly winter monsoonal winds may induce strong upwelling in the eastern Beibu Gulf along the west side of Hainan Island, and in summer, coastal upwelling due to the southwestern monsoon may occur in the western Gulf [8, 17] .
The influence of monsoonal winds on phytoplankton variation is significant in the Beibu Gulf. However, the detailed connection between the monsoonal winds and the chl-a concentration has been poorly understood as the complex hydrodynamics in the Beibu Gulf as well as the coupling between wind, upwelling, coastal currents and vertical mixing in this area is still unclear. This study utilizes remote sensing and statistical analysis methods to investigate temporal and spatial variability of chl-a in the Beibu Gulf, and to suggest some potential drivers leading to the observed variability.
Materials and methods

Study area and sampling stations
The large-scale and detailed study areas are shown in Fig 1A and 1B . The lines labelled T1, T2, and T3 represent cruise transects for sampling temperature profiles in different areas of the Beibu Gulf. T1 passed through coastal shallow water regions in the north of the Gulf that are affected by river runoffs and strong tidal currents, T2, in the middle of the Gulf, is less influenced by river runoffs, and T3 in the south of the Gulf is affected by both river runoffs from Hainan Island and denser water from the SCS. Mixed layer depth (MLD). When ocean mixing reaches the sea bottom (i.e. MLD is equal to the water depth.), satellite Chl-a products are probably contaminated due to re-suspended sediments from the sea floor, which influence quality of Chl-a data retrieval. In order to evaluate the possible influence of re-suspended material (SM) from the sea bottom on chl-a concentration observed by satellite sensors, the World Ocean Atlas 2013 dataset (WOA 13) (https:// www.nodc.noaa.gov/OC5/WOA94/mix.html) is employed to generate monthly climatological MLD. From salinity and temperature, variable potential density is first calculated to estimate the monthly climatologies MLD using a method similar to that used in [20, 21] in which one starts at a depth of 1 m, and searches down the water column until the potential density has increased by a value over 0.1 kg m -3 . The MLD based on variable density criterion is designed to account for the large variability of the coefficient of thermal expansion that characterizes seawater.
Vertical temperature profiles derived from CTD and CATSAT. Different water-level temperature data can provide details about the evolution of oceanic thermal fronts and upwelling events, identifying their affected regions. In this study, water temperature profiles were measured using a Sea-Bird Conductivity-Temperature-Depth (CTD) instrument at the nine sampling stations (Fig 1B) . In addition, merged temperature data of the Beibu Gulf are used, which are available in the CATSAT system from Center of South China Sea Fisheries Resources Monitoring and Assessment, Guangdong Ocean University. CATSAT is a key decision tool for professional fishermen, providing near real-time and accurate oceanographic and marine meteorological information. In the CATSAT system, over 40 scientifically-validated ocean data products are included, which merge remote sensing images, buoy and cruise data, and fishing production data. The main CATSAT dataset includes temperature, ocean currents, marine weather, plankton concentration, and salinity, which combines buoy, cruise data and model outputs, at depths of 10, 20, 30, 50, 75, and 100 m, with a spatial resolution of 0.25˚by 0.25˚. In this study, CATSAT data were used to analyze monthly sub-surface temperatures during the period corresponding with the cruise surveys in the Beibu Gulf. The data were used to generate monthly data from the daily temperature images, after removing spurious pixels associated with data flags (e.g., cloud/stray light, large solar/sensor angle, high aerosol optical thickness). CATSAT daily vertical temperature data are also selected at the CTD sampling locations along the three transects with water depths of 0-80m, within one day of the in-situ observations. In total, 56 matching data pairs were obtained. The two data sets show good agreement (r = 0.85; Fig 2) , supporting the use the CATSAT data in this study.
Results
Seasonal variation of monthly wind vectors
The climatological monthly averaged wind velocity over the Beibu Gulf (17˚-22˚N, 105˚40 0 -110˚E) (Figs 3 and 4) shows the typical seasonal features of the East Asian monsoon, with a strong northeast monsoon and weaker southwest monsoon. In the Beibu Gulf, the northeast monsoon (winter season) begins in September with an average of 6.5 m s -1 ; the wind speed has increased until it peaks in December (>8 m s -1 ), and then vanishes the next April. The first appearance of the southwest monsoon is in May and ends in August. The wind speed is relatively higher in the region northwest of Hainan Island than in the other regions at most of the year (Fig 4) . Another high-wind area is observed south of Hainan Island during the northeast monsoon; at the same time, there is a low wind southwest of Hainan Island, which might be caused by the blocking effect of Hainan Island when the wind came from the east.
Spatio-temporal variation of Chl-a and SST
The spatio-temporal variation of surface chl-a is illustrated by the monthly climatology of MODIS images at a 4-km spatial resolution (Fig 5) . The monthly spatial distributions of chl-a are generally similar, with relatively higher values along the coastal areas and lower values offshore, consistent with previous studies [7, 17] . In the northwest coastal area, west of the Leizhou Peninsula, west of Hainan Island and in a narrow zone along the coastal water on the Gulf west side, chl-a concentrations remained generally high (>2 mg m ) seen in spring (Fig 6) . During the northeast monsoon, the patch of high chl-a concentration along the northeast and west of Hainan Island expanded southwest, increasing gradually starting in October, peaking in January of the next year, and then reducing gradually until April. During the following southwest monsoon, the size of the area with high chl-a remained the same. However, the high chl-a area along the west coast differed, increasing gradually starting in June at the beginning of the southwest monsoon, peaking in August, and then declining.
The comparison of chl-a and SST in the Beibu Gulf across the seasons is illustrated by four monthly-mean MODIS images, corresponding to the period of the field survey cruises (Fig 7) . In the northeast monsoon season, relatively higher chl-a and low SST were observed in the northeast of the Gulf, moving quickly toward the southwest. In autumn (November 2013), SST was low (<23˚C) in the northern part and increased gradually southward (>26˚C). In the following season (February 2014), SST dropped by about 5˚C in the same area, but the spatial distribution was similar to that in autumn, with warm water from the SCS entering the Gulf. From spring (May 2014), SST increased and the distribution was different from that seen during the northeast monsoon. Observed SST was high (>29˚C) in most regions of the Gulf, especially in the western regions near 18.5˚N, where the SST was generally higher (>30˚C). Yet, in a larger area of the northwest coast, lower SST (<28˚C) was observed, possibly influenced by the cold waters discharged from the Red River. The heat capacity of the land is smaller than ocean water, so the land temperature changes more quickly, as a result, the river water is hotter in summer and colder in winter compared with ocean water. During summer (August 2014), SST continued to increase, with the largest warming (>32˚C) seen in the area along the west coast and west entrance of the Qiongzhou Strait, which might have been caused by the discharge of the Red River and the western current of the Qiongzhou Strait. In the central Gulf, the SST was about 30.5˚C, while lower SST (<30˚C) was observed around the south and west coasts of Hainan Island.
Temperature change along three transects
Water column structure along the three transects (Fig 1: T1, T2 and T3, respectively) in November 2013, February 2014, May 2014, and August 2014 by the CTD and CATSAT data are depicted in Fig 8. During autumn (November 2013), the water was well mixed vertically along T1, T2, and T3 at onshore stations (water depth <30 m) relative to water temperature. In the central Gulf's deep-water areas (water depth > 40 m along T2 and T3), the sea water was well stratified. In winter, all water columns were well mixed vertically in the entire Gulf. In spring, because of surface warming, the water began to stratify across the Gulf. However, this stratification was not detected in near-shore areas, and shallow water regions were mixed during the following southwest monsoon period. At the same time, cold-water upwelling was observed around the west and south coasts of Hainan Island.
Discussion
Most recent observations and model results suggest that wind-driven currents dominate in the Beibu Gulf residual currents, then the thermohaline currents and tide-induced residual currents (this relation is more apparent in winter) [22, 23] . In winter, a cyclonic circulation prevails in Beibu Gulf, driven by the monsoonal wind [13, 24] . The Beibu Gulf summer circulation is cyclonic in the northern gulf and anticyclonic in the southern gulf. The northern circulation is mainly induced by the wind stress curl and the southern circulation is affected by the South China Sea current. Previous studies [13, [24] [25] [26] [27] [28] indicated that in the Qiongzhou Strait, the ) and SST (˚C) during the field survey cruises in the Beibu Gulf. Red arrows in A1 and A2 show a patch of high chl-a concentration increasing towards the southwest. Red arrows in B1 and B2 show that low SST is detected in the same region of high chl-a during the northeast monsoon. Red circles in B3 and B4 show that the water temperature in this region was influenced by the Red River discharge in spring and summer. The black arrow in B4 shows a low SST region southwest of Hainan Island in summer.
https://doi.org/10.1371/journal.pone.0191051.g007 current goes eastward all year around, and it is stronger in winter than in summer. In the southern gulf, both observations and model results displayed a summer upwelling off the southwestern coast of Hainan Island [23] . The above dynamic processes may regulate the seasonal variation of phytoplankton in Beibu Gulf.
Seasonal dynamics of the mixed-layer depth
Chl-a concentration data retrieved from remote sensing imagery in Case-I (open ocean) water produced reasonable results that are comparable to previous studies [29] , but the algorithms developed for Case-II (coastal ocean) water can have some inconsistencies, particularly near river mouths and in shallow waters [30, 31, 32] . Chl-a concentrations may be overestimated in Case-II water due to the influence of re-suspended sediments (SM) as well as colored dissolved organic matter (CDOM) [33] . The monthly climatology of MLD indicates the typical seasonal features: strong mixing during the northeast monsoon and weaker mixing in southwest monsoon (Fig 9) . In summer, the seawater shows an apparent stratification, and the MLD is less than 13 m in almost all areas of the Beibu Gulf. Next, the vertical mixing enhances in autumn and reaches the peak in winter with MLD deeper than 16 m in most regions, reaching a maximum (MLD>25m) only in the southeastern part of the Gulf, which then begins to decrease in spring. Vertical mixing may bring an abundance of SM to the surface which can influence the remote sensing inversion of chl-a. However, comparing the distribution of MLD and the bathymetric chart demonstrates that MLD did not reach the bottom in the areas of Beibu Gulf with a water depth deeper than 20 m, implying that the influence of MLD-derived SM on satellite chl-a is limited in most of this area. According to the MLD data, the MLD in the gulf is generally observed shallower than 20 m. Therefore we selected the 20-m depth as one threshold value, to remove influence of sediment from the sea bottom. On the other hand, previous studies have shown that satellite-derived chl-a concentration agrees well with in situ measurements including the shallow waters in most of the Beibu Gulf [7, 8, 34] . In this study, we also evaluate MODIS-derived chl-a data in combination with in-situ observations in the Beibu Gulf. The results indicate a high correlation (r = 0.84, p<0.01, RMSE = 0.5751; Fig 10) between the MODIS data and the in situ chl-a concentrations, suggesting that MODIS data can be used as a reliable source to effectively identify variability of chl-a in the Beibu Gulf.
Seasonal characteristics of chl-a and other oceanic conditions in coastal areas
Phytoplankton production in the ocean is normally limited by nutrient availability and solar radiation [35] [36] [37] . In the SCS, light is generally rich in the upper 100 m, and is not the limiting factor for chl-a increase due to photosynthesis in the surface layer [38] . It was found that monthly-averaged photosynthetically active radiation (PAR) observed in winter in the SCS was high enough for phytoplankton growth in the upper layers [39] . This suggests that the variation of chl-a concentration was probably controlled by availability of nutrients, which was generally regulated by oceanic dynamic processes including currents, mixing, tides, and upwelling. High chl-a concentrations in the estuaries and coastal areas (Fig 5) may also be regulated indirectly by an injection of nutrients from coastal currents, including river runoff, and tide-induced currents, as well as effective entrainment mixing of nutrients from the bottom due to shallow depth (Fig 9) , to a certain degree. Previous studies showed that the total flux of terrestrial nutrients into the Beibu Gulf is 180,378 tons every year, including 176,997 tons of chemical oxygen demand, 3,277 tons of dissolved organic nitrogen, and 104 tons of dissolved organic phosphorus [40] . Chemical oxygen demand is considered one of the most important quality control parameters of organic pollution in the wastewater [41] . In the coastal area, chemical oxygen demand was confirmed an important role in reflecting the eutrophication status in seawater [42] . As a result of offshore transport effects induced by strong coast currents (>40 cm s -1 in velocity) [13] , the upwelling of deep water by the coastal current could bring nutrient-laden water closer to the surface and enhance phytoplankton growth. Our results are generally consistent with previous observations in the Beibu Gulf [8, 17] , in which the relatively low mean SST of about 22˚C in winter directly promoted phytoplankton growth. Chl-α in the Beibu Gulf
Offshore phytoplankton blooms, and relations to the northeast monsoon
The East Asian monsoon regulates annual atmospheric and upper ocean variability in the SCS region [43] . Previous studies have shown that chl-a and SST are two key indicators of the response of upper oceanic conditions to atmospheric forcing [44] , as chl-a concentration increases with decreasing SST in the SCS [1, 45] . In this study, chl-a concentration is observed to increase during the northeast monsoon in the Beibu Gulf ( Figs 5 and 6 ), in which high chl-a concentrations (>2 mg m -3
) along the coast in the northeastern Gulf extend towards the southwest after the onset of the northeast monsoon. The gradually increasing size of a high chl-a region coincides with increasing wind speed (Figs 4-7) . Correlation analysis indicates that the change of monthly chl-a level in the Gulf was closely related to monthly wind speed https://doi.org/10.1371/journal.pone.0191051.g011
Chl-α in the Beibu Gulf (r = 0.63, p<0.01; Fig 11) , i.e., higher chl-a is observed under stronger wind conditions. Spatial variability of higher chl-a was observed, coinciding with lower SST in the northeast Gulf (Fig  7) . Comparison of monthly chl-a and SST during the northeast monsoon shows that higher chl-a concentrations correspond to lower SST in the same area, and vice versa. Low SST often reflects strong vertical mixing in offshore regions [46] . In the SCS, nutrients generally increase with depth below the surface [47] . During the northeast monsoon, due to surface cooling ( Fig  7) and strong vertical mixing/entrainment (Fig 9) , cold water with abundant nutrients was easily brought up from the bottom and, therefore, chl-a concentrations became higher, especially in winter. Further validation of the winter monsoon's contribution to increased mixing can be seen by examination of the temperature profiles in Fig 9 during different seasons, which shows a homogenous vertical structure of temperature during November 2013 and February 2014 compared to strongly stratified conditions during the summer season (May and August 2014). This vertical homogeneity is most striking in the shallowest waters analyzed (Transect T1, Fig  8A) .
The correlation between wind speed and chl-a in the whole Gulf is analyzed to evaluate the contribution of the monsoon to the distribution of chl-a in the Beibu Gulf (Fig 12) . Correlations are relatively high (r>0.7, P<0.005) in the middle of the northern Gulf and southern Hainan Island, and it decreases around the two regions and reaches the minimum near the west coast. In the region of 17˚-19˚N, 106˚-108˚E, the correlations are relatively low (r<0.3). Previous studies reported the strongest currents (>40 cm s -1 ) in the Qiongzhou Strait and the area southwest of Hainan Island [48] . As a result, in coastal areas, the contribution of wind to chl-a increase is relatively low, and the change of chl-a is due to the influence of tidal currents, runoff from rivers, and shallow depths. Conversely, in offshore areas, where the other prominent nutrient sources (e.g., terrestrial) are absent, so the wind is the main factor controlling mixing and influencing the distribution of chl-a (r>0.6, p<0.05). In the region of 17˚-19˚N, 106˚-108˚E, the correlations are relatively low (r<0.3). This can be ascribed to two factors. First is the runoff by the Red River, Majiang River and Dajiang River [13] , which becomes the main reason supplying significant amounts of nutrients for this region. The other reason is that the wind speed remains low during all seasons and induces very little vertical mixed in this region (Figs 4 and 9 ).
Seasonal SST behavior near Hainan Isalnd
In summer, SST increased in the Beibu Gulf, particularly in coastal areas (Figs 7 and 8) . However, lower SST was observed in the southwest coastal region of Hainan Island. Fig 8C depicts that there was a shoaling of isotherms at the east end of the profile, suggesting the presence of cold water upwelling in the region east of Hainan Island. Upwelling west of Hainan Island was also found in previous studies [49] [50] [51] ; in which the tidal mixing front was confirmed as the main factor inducing upwelling, especially in summer. The southwest monsoon induces downwelling, which competes with the front-induced upwelling. Concurrently, the diluted water of the Changhua River may be a contributing factor enhancing the upwelling in summer. The Changhua River is the second largest river flowing westward into the Beibu Gulf from Hainan Island, with an annual flow of 50-55×10 8 m
3
, and a peak flow in summer [52] . Due to the strong runoff from the Changhua River and the topography of the coastal area, discharge from the river was easily transported offshore, which was the auxiliary driving force to bring up deep cold water. Furthermore, injection of nutrients from river runoff and upwelling likely triggered higher chl-a levels around western Hainan Island.
Conclusion
The spatial patterns of monthly chl-a concentrations are generally similar, with relatively high values along the coastal areas and lower values offshore. The time series of chl-a presents also evidently seasonal variation in most years, with higher values (>1 mg m ) in spring. Chl-a concentration in the offshore Beibu Gulf is controlled by nutrients, which is largely influenced by wind-induced mixing and upwelling (wind vs. chl-a: r = 0.63, p<0.01), as well as currents and so on. High chl-a in the estuaries and coastal areas may be probably due to the nutrients injection from upwelling and coastal currents as well as river runoff, and mixing. Higher chl-a in the southwest coastal region of Hainan Island in summer may be due to the upwelling driven by the southwesterly monsoonal winds and the runoff from the Changhua River, as suggested by lower SST in the region. 
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